Al foam is lightweight with superior shock-absorbing properties but has low tensile and bending strengths. This has spurred efforts to form composites of Al foam with dense materials. In this study, we examined the possibility of fabricating composite structures of Al foam and dense steel with strong metal bonding by employing friction welding. The use of friction welding is expected to facilitate the fabrication of Al foam/ dense steel composites by a simple process with low environmental impact. It is shown that this procedure is capable of fabricating an Al foam/ dense steel composite in which the Al foam completely fills the hollow in the dense steel. An FeAl intermetallic compound (IMC) layer with a thickness on the order of 10 µm was found throughout almost the entire interface between the Al foam and the dense steel. Therefore, it is shown that an Al foam/dense steel composite with strong metal bonding can be fabricated.
Introduction
Aluminum foam is expected to be used in automotive components and other structural members owing to its light weight and excellent shock-absorbing properties. 1) However, its current use in structural members is limited because of its low tensile and bending strengths. Attempts have been made to form composites of Al foam with denser materials to improve its mechanical properties. 28) For example, filling a hollow frame with Al foam to create a composite structure has been shown to improve the mechanical properties. 35) Moreover, the mechanical properties are further improved by bonding the foam and the frame with each other. 5) Typically, Al foam and dense materials are bonded together with an adhesive. However, adhesives have raised considerable environmental concern, 9) are difficult to recycle, 8) and cannot be used in heat-resistant nonflammable components. 8) Clad bonding and friction stir welding have been tested as metal bonding methods to create adhesive-free composites. 8, 10, 11) These methods employ the precursor method 1216) of creating Al foam, described as follows. First, the precursor is manufactured by mixing a blowing agent powder with the aluminum base material. Next, the precursor and a dense material are bonded by clad bonding or friction stir welding. Finally, the resulting bonded materials are heated and the precursor portion is foamed, resulting in a composite structure with strong metal bonding between the Al foam and the dense material. However, clad bonding and friction stir welding are generally limited to the formation of flat sheets, such as sandwich panels, and therefore, it is difficult to fill hollow components with Al foam.
A friction surface coating for hollow cylindrical steel materials 1719) was developed in recent years by utilizing friction welding 20, 21) to easily coat the inner wall of the hollow with an aluminum alloy. In this method, a dense aluminum alloy sheet is inserted into the hollow in the steel material and a nonconsumable cylindrical rotating tool is pushed in from above. Friction heat arises between the aluminum alloy and the rotating tool, which softens the aluminum alloy, causing it to flow plastically and form a thin coating between the tool and the inner wall. During this process, an intermetallic compound (IMC) layer of FeAl is formed between the inner wall and the aluminum alloy coating, which is thought to result in strong metal bonding.
In this study, a friction surface coating was applied and friction welding was used to fabricate a composite structure of Al foam and dense steel. First, a cylindrical hollow was created in a steel block into which dense aluminum sheets were inserted along with a blowing agent powder and a stabilization agent powder. Material flow was initiated by compressing the sheets and powders with a rotating tool. This material flow mixes the powders into the aluminum and creates a foamable mixture, which simultaneously fills the volume between the rotating tool and the wall of the hollow in the steel. The validity of using friction welding to create the precursor of the composite structure was investigated. In this method, the mixture that fills the volume between the tool and the wall of the hollow in the steel must be sufficiently thick to fill the entire hollow with Al foam during the foaming process, which is different from the friction surface coating. Next, the obtained precursor was heat-treated to generate the foam that fills the hollow and thus obtain the Al foam/dense steel composite structure. The FeAl IMC layer formed between the aluminum and the wall of the hollow in the steel of the obtained precursor and the Al foam/ dense steel composite structure were observed. We examined the possibility of fabricating Al foam/dense steel composite structures with strong metal bonding between the Al foam and dense steel utilizing friction welding based on the above process. Figure 1 shows a schematic illustration of this method for fabricating a composite structure with an Al foam core. As shown in Fig. 1(a) , first, a hole 14 mm in diameter and 20 mm deep was drilled in an SS400 steel block measuring 30 mm © 30 mm © 20 mm. The surface of the inner wall of the hollow was roughened with a #400 SiC paper to improve its bondability with aluminum. A disk of A1050 aluminum was then inserted into the hollow along with titanium hydride (TiH 2 , <45 µm) powder as a blowing agent and alumina (¡-Al 2 O 3 , approximately 1 µm) powder as a stabilization agent. The masses of the blowing agent and stabilization agent powders were 1 and 5%, respectively, of that of the A1050 aluminum disk. Two insertion methods, shown in Fig. 1(a) , were considered in this study. In Type A, a hollow disk 13 mm in outside diameter, 5 mm in internal diameter, and 3 mm in thickness and a disk 13 mm in diameter and 3 mm in thickness were employed. The blowing agent and stabilization powders were inserted into the interior of the hollow disk and between the hollow disk and the second disk. In Type B, the blowing agent and stabilization agent powders were inserted into the interior of a hollow disk 13 mm in outside diameter, 5 mm in internal diameter, and 6 mm in thickness. Next, a cylindrical rotating tool of SUS304 steel 13.4 mm in diameter with a flat bottom was inserted from above into the hollow at a feed rate of 1 mm/min and a rotational speed of 730 rpm (see Figs. 1(b) 1(c)). The tool was inserted until its tip was 3 mm above the bottom of the hollow. Frictional heat was generated during this process, and the material flow of the softened aluminum induced both the mixing of the blowing agent and stabilization agent powders into the aluminum and the filling of the volume between the tool and the steel with the aluminum mixture. The process in Figs. 1(a)1(c) was then repeated to produce a thick layer of the precursor on the wall of the hollow, so that the Al foam completely filled the hollow during the foaming process. In the second process, another disk with the same size as the A1050 aluminum disk was inserted in the hollow of the precursor, as shown in Fig. 1 (c), along with equal amounts of TiH 2 and Al 2 O 3 . An SUS304 steel tool with the same shape as that used in the first process except for a diameter of 12.8 mm was used. The other conditions, namely, the feed rate, rotation speed, and depth (from the bottom of the precursor as shown in Fig. 1(c) , i.e., a total of 6 mm above the bottom of the hollow), were the same as those in the first process. Finally, the obtained precursor (see Fig. 1(d) ) was placed in a preheated electric furnace held at 1003 K, resulting in the fabrication of the Al foam/dense steel composite structure shown in Fig. 1(e) . The holding time (foaming time) was varied from 9.5 to 11.0 min in increments of 30 s. The foaming temperature and time were selected with reference to a previous study on the fabrication of A1050 aluminum foam. 16) An electron probe microanalyzer (EPMA; EPMA-1610, Shimadzu Corporation) was employed to observe backscattering electron images (BEIs) of the FeAl IMC layer of the obtained precursor and the Al foam/SS400 dense steel composite structure. The observed surface was ground using SiC papers (of up to #2400), followed by alumina (1 µm) polishing before the BEI observation.
Experimental Procedure

Experimental Results and Discussion
Precursor of Al foam/dense steel composite
Figures 2(a) and 3(a) show cross-sectional images of the precursor in the Type A and Type B methods, respectively. A1050 aluminum was found throughout the inner wall of the hollow in the steel for both Type A and Type B. In a preliminary experiment, a thermocouple was placed 1 mm below the bottom surface of the hollow in the SS400 steel block to measure the temperature; the maximum temperature recorded was approximately 770 K. It was predicted that higher temperatures would occur at the site of contact between the rotating tool and the aluminum disk, which would promote the plastic material flow. However, as shown in Figs. 2(a) and 3(a), foaming was not observed during friction welding. Both the aluminum mixture created in the first cycle and that created in the second cycle generally exhibited good bonding. The regions resembling white clouds in the A1050 aluminum are mixtures of TiH 2 and Al 2 O 3 powders. These are irregularly distributed in Type A, suggesting that the powders did not mix well. In particular, the boundary between the aluminum mixtures from both cycles is visible, indicating little mixing in the vertical direction. In contrast, the distribution of powders in the A1050 aluminum was more uniform in Type B. The When the tip of the tool has a screw probe, as in friction stir welding, 22, 23) the upper and lower A1050 aluminum disks are joined, and thorough mixing occurs in the vertical direction. 10, 16) However, a hole is left by the probe in friction stir welding when the tool is withdrawn. In this study, we used a tool with a flat tip, as in friction welding. Thus, at the beginning of tool insertion, because the upper and lower disks were separate with powders existing between them in Type A, as shown in Fig. 1(a) , only the upper disk was rotated. It appears that the upper disk rotated without transmitting its rotation to the lower disk via the powder between them. Thus, little frictional heat was generated, material flow occurred only for a short time, and mixing was limited. In contrast, in Type B, a single A1050 aluminum disk was used; thus, the rotation of the tool was transmitted to the entire disk. As a result, friction was generated not only between the tool and the disk but also between the bottom of the hollow in the steel and the disk, causing a large amount of material flow from the beginning of tool insertion; this explains why the mixing was so thorough in this case. The white regions are Fe, the black regions are Al, and the gray regions between Fe and Al are presumed to be the FeAl IMC layers. An FeAl IMC layer with a thickness on the order of 10 µm formed at location c in both Type A and Type B, which was near the friction interface between the rotating tool and the aluminum. Since frictional heat was generated here and a large amount of material flow occurred continually for a long time, a new surface formed and was diffusion-bonded to the wall of the SS400 steel block, resulting in the growth of the IMC layer. Similar IMC layers were observed in many locations on the wall of the hollow. Thus, we can conclude that a precursor was fabricated together with metal bonding.
However, at locations b, d and e, the IMC layer had a thickness of less than 10 µm or could not be observed (not detected, ND) at the magnification level of the BEIs in Figs. 2 and 3 . At location d at the inside corner of the hollow, IMC layers with a thickness of less than 10 µm were observed in various places in Type A. In Type B, although IMC layers of approximately 1 µm thickness were found at some locations, voids with a width of approximately 30 µm were also observed. As indicated by the white arrow in Fig. 2(a) , the aluminum mixture fabricated in the first cycle and the aluminum mixture fabricated in the second cycle did not bond and voids were observed. The distribution of powder in the A1050 aluminum at the corner of the hollow seemed to be lower than that at other locations. This was attributed to the difficulty of inducing the material flow in that corner, where less mixing and weaker bonding occurred than at the other locations in the present procedure. At location e at the bottom of the hollow, an IMC layer with a thickness of less than 10 µm was observed in Type A, but no IMC layer was observed in Type B. This is probably because no aluminum was present at the beginning of tool insertion, and therefore no material flow occurred because the A1050 aluminum disk used in Type B was hollow. Figure 4 shows photographic views and cross-sectional pore structures following various durations of holding time of the A1050 Al foam/SS400 dense steel composite structure. For a holding time of t = 9.5 min, the structures formed by both Type A and Type B remained in the initial stage of foaming, and the aluminum, which was the base material, did not soften sufficiently and was unable to expand. Consequently, the pores remained small. Foaming progressed for a holding time of t = 10.0 min; the Al foam produced by Type B possessed a particularly good pore morphology. No locations where insufficient foaming occurred were observed, and a composite was obtained in which the Al foam completely filled the interior of the hollow. Foaming also progressed for holding times of t = 10.5 min and longer, although some coarsening of the generated pores due to coalescence was visible. Coarse pores were seen, particularly in Type A with a holding time of t = 10.5 min. In Type A with t = 11 min, a stratified morphology was observed. This stratification is thought to be due to the pores coarsening and floating upward, after which gases were released from the material and the pores collapsed. Somewhat coarse pores were also found in Type B at holding times of t = 10.5 min and t = 11 min, but the pores had a more uniform morphology than those in Type A. As shown in Figs. 2(a)  and 3(a) , the blowing agent was able to mix more evenly during the precursor fabrication stage in Type B than in Type A. As previously described in the discussion of Figs. 2  and 3 , insufficient mixing appears to have occurred at location d in the corner of the sample, but such locations were confined to very small areas, and it is thought that they had little effect on foaming. Figures 5 and 6 show cross-sectional images and BEIs at each labeled location of the A1050 Al foam/SS400 dense steel composite structure for a holding time of t = 10.0 min for Type A and Type B, respectively. Observation of the IMC layer shows the preservation of the bonding and the growth of the IMC layer even during the foaming process. The growth of the IMC layer appeared to be the result of extensive diffusion at the interface during the high-temperature foaming process. Since IMC layer growth was observed in the composite structure after foaming, even at locations where it was not observed during the precursor stage, we confirm that a composite structure of A1050 Al foam and SS400 dense steel can be fabricated with strong metal bonding throughout almost the entire sample.
Al foam/dense steel composite
Although such an FeAl IMC layer may decrease the strength of the interface, it has been shown that the Al foam part in aluminum foam/dense steel composite structures 10) and aluminum foam core sandwich panels with dense steel face sheets 11) has even lower strength than the bonding interfaces. Therefore, this result is not considered to be a problem, even if the FeAl IMC layer formed has a thickness on the order of 10 µm. Clearly, much more extensive studies are necessary to examine this assumption in more detail.
The procedure proposed in this study is a simple process and permits the fabrication of a composite structure precursor in a few minutes; the only source of heat for the fabrication of the precursor is friction, no external heat source is needed, and only a localized region where mixing occurs is heated. Moreover, it is a solid-phase process. Therefore, this process is expected to have a relatively low environmental impact.
It is thought that replacing steel with a thin-wall aluminum column will allow both lighter weights and improved mechanical properties to be achieved. Furthermore, in recent years, it has become possible to fabricate functionally graded Al foam with varied porosity, pore morphology, and alloy type to realize gradated mechanical properties and other properties. 2428) Even for the procedure used in the present study, we expect that varying the blowing agent and alloy type in the aluminum mixtures in the first and second cycles can be used to gradate the porosity, morphology, and alloy type of the Al foam to fill the hollow material. It would then be possible to simultaneously decrease the weight and improve the mechanical properties more effectively. 29) 
Conclusion
In this study, experiments were conducted to fabricate a composite of Al foam and dense steel by friction welding. This approach is expected to allow the fabrication of composites by a simple process with a low environmental impact.
First, aluminum sheets, a blowing agent powder, and a stabilization agent powder were inserted into a hollow drilled in a dense steel block, and a rotating tool was pressed into them. This mixed the powders into the aluminum and, at the same time, bonded the aluminum mixture with the dense steel material. This process made it possible to fabricate the precursor for the Al foam/dense steel composite. An FeAl IMC layer with a thickness of µm to 10 µm order was observed to form at the bonding interface. However, at some locations, including the inside corner of the hollow, voids were observed where almost no FeAl IMC layer was formed. These voids at the inside corner may be due to the low material flow.
Next, it was found that by heat-foaming the obtained precursor and holding it for approximately 10 min at a foaming temperature of 1003 K, an Al foam/dense steel composite could be fabricated, in which the Al foam filled the entire hollow. An FeAl IMC layer with a thickness on the order of 10 µm was observed throughout almost the entire interface, including the inside corner of the hollow. Thus, it was shown that an Al foam/dense steel composite with strong metal bonding can be fabricated. Although such an FeAl IMC layer with a thickness of several tens of µm weakens the interface, the Al foam part of the composite is expected to be weaker. Differences in how the aluminum sheets and powders were inserted into the hollow resulted in slight differences in how the powder was mixed into the aluminum. Good mixing was obtained in Type B, which involved a single hollow disk. The pore morphology of the Al foam obtained by Type B was also found to be superior. Thus, we found that by adjusting the way in which the aluminum and powders were inserted into the hollow, the use of friction welding (even when using a tool with a flat tip) enables the fabrication of an Al foam/dense steel composite with good pore morphology.
